We present a discussion of the complexities encountered in particle simulation models for noncubic symmetry semiconductors, focusing on the wurtzite and 4H polytypes of GaN and SiC. We have identified three general issues, band structure, scattering mechanisms, and band intersections, which in our opinion, constitute the most important modifications to conventional Monte Carlo simulators for cubic symmetry semiconductors. It is found that the band intersection points present .the greatest modeling challenge. We discuss the effect of band intersections on the transport dynamics and our initial attempts at treating transport near these points. Comparison to experimental data is also made.
INTRODUCTION
Owing to their intrinsically larger band gap than conventional silicon and GaAs semiconductors, wide band gap semiconductors are better suited to many emerging device applications such as high radiation environments typically encountered in space flight, high power, high frequency amplifiers used in base stations for wireless telecommunications networks, and high temperature conditions found in automotive and jet engines. The most important wide band gap semiconductors are the III-nitrides, GaN, InN, A1N [1] and their related ternary compounds and SiC [2] . In each of these materials, the principal energy gap is about two to three times larger than that of Si or GaAs. As a result, their breakdown electric field strengths, immunity to radiation, and power handling capability are expected to be significantly greater than Si or GaAs [3] [4] [5] [6] .
Though these materials are of great interest, their technological maturation is frustrated to a large extent by the lack of reproducible high quality material. As a result, experimental characterization of many of the intrinsic transport properties of these materials has been limited. The In the next section, we discuss these modifications. In section three we present calculations of the impact ionization coefficients in 4H-SiC that illustrate the importance of these modifications in gaining agreement with experimental measurements. Finally, conclusions and suggestions for future work are presented in the conclusions.
MODEL DESCRIPTION
The details of our approach have been exhaustively reported elsewhere [7, 8] The most common approach is to simplify the many body problem using density functional theory [11] . Using the linear augmented plane wave, LAPW, method [12] within the density functional theory, the details of the band structure can be calculated. However, these approaches are highly computationally expensive. As a result, usage of ab-initio techniques is currently prohibitive for scattering rate and impact ionization transition rate calculations wherein numerical expressions for the wavefunctions, sampled over millions of k-points, are required. For this reason, we utilize the empirical pseudopotential method, which is a more computationally efficient algorithm for generating the band structure data.
We have developed a genetic algorithm for optimizing the pseudopotential band structure calculation [13, 14] . The Independent of the procedure adopted for calculating the band structure, the determination of the band structure for wurtzite and 4H polytypes is more challenging than that for cubic symmetry polytypes. Additional complexity arises in the wurtzite and 4H polytypes since the Brillouin zone is smaller and the number of atoms per unit cell is larger. As a result, more bands appear and the overall complexity of the band structure increases. This can be vividly seen from inspection of Figure 1 , wherein the band structures of zincblende (ZB) and wurtzite (WZ) phase GaN and 4H-SiC are shown. As can be seen from the figures, as the materials progress from ZB GaN to 4H-SiC, the overall complexity of the band structure markedly increases.
Scattering Rates
At high electric field strengths, phonon scattering and impact ionization dominate the transport physics in semiconductors. In this paper, we restrict ourselves to discussion of these mechanisms. From its spherical symmetry properties, it can be shown [15] that the only allowed electronoptical phonon interaction within the gamma valley in the ZB phase is that involving the LO mode. In noncubic semiconductors, such as wurtzite and 4H, due to the different symmetry properties of the crystal, both the TO and LO optical phonon modes can contribute to electronoptical phonon scattering. Lee et al. [16] have recently examined the polar optical phonon scattering rate in wurtzite crystals. They showed that in general the matrix element governing the interaction between electrons and TO-like optical phonon modes is not zero since the TO-like mode is not purely transverse in wurtzite. As such the TO branch does interact with electrons in wurtzite polytypes unlike the situation in cubic semiconductors. Though the TO-like mode does contribute to the optical phonon scattering rate, its contribution in wurtzite phase GaN, as shown by Lee et al. [16] [8, 19] . In all of the calculations presented, the scattering rates are determined numerically by integrating the matrix elements for the transition rates over the full Brillouin zone. As a result, any anisotropy in the rates [20] is naturally included in our calculations. For high field transport analysis, it is important to include the details of the impact ionization transition rates. In our simulation, the impact ionization transition rates are calculated numerically [21, 22] . The calculation is performed by integrating Fermi's golden rule for a two-body, statically screened Coulomb interaction over the possible final states using a numerically generated dielectric function [23] and pseudowavefunctions.
Band Intersections
In our opinion and experience, the most pressing problem introduced in simulating non-cubic symmetry semiconductors is that of band intersections.
As discussed above, owing to the smaller Brillouin zone and larger number of atoms per unit cell, the band structure of these materials is highly complex leading to numerous band intersection points. Finally, it should be noted that neither approach can be considered to definitively describe the physics of band intersections. Instead, these two approaches should be viewed as first attempts to include the complexities of multiband transport in ensemble Monte Carlo simulations. We are presently examining more complete formulations of this problem.
TRANSPORT CALCULATIONS
The modification of the ensemble Monte Carlo code for noncubic symmetry materials that has the greatest influence on the calculated results is the band intersection treatment. The effect of band intersections on the transport dynamics is most vividly illustrated by examining high field transport, particularly impact ionization. As is well known, the impact ionization coefficients are very sensitive to the details of the high energy tail of the energy distribution function. Comparison of the calculated ionization coefficients both with and without the band intersection treatment described above clearly demonstrates the importance of this effect as will be shown below.
As discussed above, little experimental information is presently available for the transport parameters for most of the wide band gap semiconductors. This is especially true for the impact ionization coefficients. However, there are some direct experimental measurements for the hole initiated impact ionization coefficient in bulk 4H-SiC [26, 27] . The Monte Carlo calculated results with and without tunneling at the band intersection points are plotted along with both sets of experimental measurements in Figure 2 . As can be seen from Figure 2 , for fields applied in directions within the basal plane (1000), the ionization coefficients are calculated to be nearly the same when tunneling is included or not in the model. The fact that the two models give about the same result stems from the fact that the carriers have many ways of drifting to high energy without passing through band intersection points. However, when the field is applied along the c-axis, (0001), there is a significant difference between the calculated coefficients. Notice that the calculated coefficient when tunneling is not present (marked by circles in Fig. 2 ) is very much less than that when tunneling is present (marked by diamonds in Fig. 2 notice that the calculations including interband tunneling give much closer agreement to either set of experimental measurements. The calculations without tunneling are orders of magnitude lower than either set of experimental data. The much lower ionization coefficients calculated in the absence of tunneling arise from the fact that the hole distribution is much colder than when tunneling is included. This can be understood as follows. The bands are labeled in ascending order at each discrete k point, independent of the band's apparent continuity. Therefore, in the absence of interband tunneling, when a hole encounters a band intersection region, it continues along the lowest energy band by default and cannot drift into the higher energy band, even if the continuity of the derivative implies that it should. Consequently, the hole can only reach higher energy through scattering events and not through drift. Since scatterings are relatively more infrequent, this results in a colder hole distribution and a lower impact ionization coefficient when tunneling is not included.
CONCLUSIONS
New complexities arise in Monte Carlo based modeling of noncubic symmetry materials that require some modifications of the standard codes.
We have identified three general areas where important revisions must be made. These are the band structure, scattering rates and band intersections. It is our opinion that the band intersections present the greatest challenge and have the greatest effect on the calculations.
We have shown that the inclusion of the possibility of interband tunneling in the vicinity of band intersection points is necessary in order to enable significant carrier heating in materials which have many band intersection points. Calculations of the hole initiated impact ionization coefficient, which reflects the high energy dynamics of holes, show excellent agreement with experiment only when tunneling is included in the model. Though treatment of the band intersection points is crucial to explaining the transport physics of these materials, it should be noted that our model is at best preliminary. A more complete formulation of the band intersection physicslis presently underway.
